To use high-temperature waste heat generated by diesel engines for onboard refrigeration of fishing vessels, an ammonia-based double-effect vapor absorption refrigeration cycle is proposed. Non-volatile ionic liquids are applied as absorbents in the double-effect absorption system. In comparison to systems using ammonia/water fluid, the complexity of the system can be reduced by preventing the use of rectification sections. In this study, a multi-scale method is implemented to study the proposed system, including molecular simulations (the Monte Carlo method) for computing vapor-liquid equilibrium properties at high temperatures and pressures, thermodynamic modeling of the double-effect absorption cycles, and system evaluations by considering practical integration. The Monte Carlo simulations provide reasonable vapor-liquid equilibrium predictions. 1-butyl-3-methylimidazolium tetrafluoroborate is found to be the best performing candidate among the investigated commercialized ionic liquids. In the proposed cycle, the best working fluid achieves a coefficient of performance of 1.1 at a cooling temperature of −5°C, which is slightly higher than that obtained with generator-absorber cycles. Integrated with the exhaust gas from diesel engines, the cooling capacity of the system is sufficient to operate two refrigeration seawater plants for most of the engine operating modes in high-latitude areas. Thereby, the carbon emission of onboard refrigeration of the considered fishing vessel could be reduced by 1633.5 tons per year compared to the current practice. Diagrams of vapor pressures and enthalpies of the studied working fluids are provided as appendices.
Introduction
Global warming is one of the critical issues of the society in this age. According to the International Maritime Organization [1] , maritime transport emits around 1000 million tons of carbon dioxide (CO 2 ) annually and is responsible for about 2.5% of global greenhouse gas emissions along with 15% and 13% of global NO x and SO x emissions. Fishery is one of the major parts of the maritime transport sector. Vessels for pelagic seas usually demand refrigeration plants, which consume fuel or electricity onboard [2] . The refrigeration plant is one of the largest electricity consumers onboard of fishing vessels, typically using 50% of the total power [3] . Diesel engines are normally used for propulsion and on-board electricity generation in trawlers. The engines also produce a significant amount of waste heat [4] . A study [5] shows that a large 2-stroke marine diesel engine may waste 50% of total fuel energy and 25.5% of the total energy is wasted through the exhaust gas (250-500°C) [2] .
Heat activated vapor absorption refrigeration (VAR) systems provide opportunities to recover waste heat and to use it to cool down fish and onboard space. Fernández-Seara et al. [6] designed, modeled, and analysed a gas-to-thermal fluid waste heat recovery system based on an ammonia/water (NH 3 /H 2 O) cycle for onboard cooling applications. Cao et al. [7] carried out a study on a water/lithium bromide (H 2 O/ LiBr) VAR system powered by waste heat for space cooling in a cargo ship. In their study, the cooling COP is 0.6 and an electricity-based coefficient of performance (COP) could be up to 9.4. Thereby, fuel consumption and CO 2 emission for the cooling system are reduced by 62%. Recently, Salmi et al. [4] modeled both an H 2 O/LiBr single-effect (SE) VAR cycle and an NH 3 /H 2 O refined cycle for cooling on a bulk carrier ship with waste heat recovered from exhaust gases, jacket water and scavenge air cooler. The VAR system has a theoretical potential to save 70% of electricity in comparison to a compression air-conditioning system. They also pointed out that the H 2 O/LiBr cycle is more efficient (COP of 0.75-0.85) and NH 3 /H 2 O is more suitable for below-freezingpoint cooling (COP of 0.5).
Exhaust gases seem to be the best source of waste heat onboard to drive absorption chillers, even though they cannot be cooled down below150°C, double-effect vapor absorption refrigeration (DE-VAR) cycles, in which the refrigerant is generated twice, are able to achieve higher thermal efficiencies by taking advantage of the higher temperature of the heat sources [8] . However, these cycles usually utilize the working fluid H 2 O/LiBr, which cannot meet the demand of below-freezing-point cooling. With NH 3 /H 2 O, the DE-VAR is not feasible because of the need of rectifiers which introduce a higher complexity.
To use higher temperature exhaust gases for below-freezing-point cooling onboard, NH 3 with ionic liquids (ILs) working fluids is proposed to be used in DE-VAR systems. ILs, a family of room-temperature molten salts, have been intensively studied due to their potential in replacing the absorbents in conventional absorption refrigeration and heat pump technology [9] . ILs show strengths such as high boiling points, strong affinities with refrigerants and high chemical and thermal stabilities [9] . Moreover, NH 3 based absorption systems have strengths such as belowfreezing-point cooling, free of air infiltration and low impact on the environment (zero for both ozone depletion and global warming potentials).
NH 3 /ILs working fluids in absorption cycles have received significant attentions in the past decade. Yokozeki and Shiflett [10] reported the first vapor-liquid equilibrium (VLE) data of four NH 3 /ILs working pairs. By including measurements and correlations of the other four NH 3 /ILs pairs, the performance of the eight NH 3 /ILs fluids in an SE absorption cycle was compared in Ref. [11] . Most of their studied imidazolium ILs are currently well commercialized. Functional ILs with NH 3 in SE absorption cycles were also investigated. For instance, Chen et al. [12] investigated the VLE property of NH 3 with a metal ioncontaining imidazolium IL. A thermodynamic performance of a VAR cycle using the studied fluids was conducted in a sequential work by the same authors [13] . Ruiz et al. [14] studied some ammonium ILs. CeraManjarres [15] explored six other ILs including imidazolium and ammonium ILs with a hydroxyl group (-OH). By applying more reliable mixing enthalpies and experimental heat capacities, Wang and Infante Ferreira [16] explored the performance of nine NH 3 /ILs fluids in SE absorption cycles for heat pump systems. The authors identified promising absorbents which work with NH 3 in absorption cycles under 130°C heating. Nevertheless, the above studies were all applied at temperature and pressure ranges available for SE-VAR cycles. The DE-VAR cycle requires [17] investigated nine NH 3 /ILs working fluids in DE absorption cycles for application in refrigeration and heat pump systems. The used VLE properties were obtained by simply extrapolating the ones at temperatures and pressures available for SE-VAR cycles. Schouten [18] used the same extrapolated properties for a DE-VAR in a series design. In this context, Becker et al. [19] showed that molecular simulation is able to predict relevant thermophysical properties for temperatures and pressures applied in SE-VAR cycles. These authors also pointed out that improved force fields are needed for an accurate prediction of the cycle performance.
In this work, a DE-VAR in parallel configuration using NH 3 /ILs fluids is proposed for refrigeration applications in fishing vessels, driven by heat recovered from diesel engines. A multi-scale method is applied to study its performance, from a molecular level to a system integration level, as shown in Fig. 1 . First, an adjusted force field is used in Monte Carlo (MC) simulations to predict VLE properties in high temperature and high pressure conditions of the three selected NH 3 /IL pairs. Together with the experimental VLE and heat capacities, the VLE data are correlated and mixture enthalpies are predicted. These thermophysical properties are then used for the evaluation of the DE-VAR cycles. After considering practical concerns, a case study based on a real vessel operating in high-latitude conditions is carried out to check the technoeconomic feasibility of the integrated system in practice.
Properties of working fluids
In this study, the ILs under consideration are 1-ethyl-3-methylimidazolium thiocyanate ( [16] . Additionally, as commercialized ILs, their thermophysical properties and force fields required in this study are accessible. Hence, they are selected as the investigated ILs.
Vapor-liquid equilibrium properties for the binary solutions
For three studied NH 3 /IL working fluids, experimental VLE data measured by Yokozeki and Shiflett [10, 11] only cover the conditions suitable for SE-VAR cycles. To extend the VLE data of these fluids for DE-VAR cycle at higher temperature and pressure conditions, Monte Carlo simulations are conducted. The data from experimental sources together with the simulated ones are correlated with the NRTL model for usage in the studied cycle.
Monte Carlo method
Molecular simulation is a powerful tool to predict the behavior of materials [20] . In this type of simulation, thermodynamic properties are computed based on force fields which describe interactions between molecules [21] . Comparable to the previously discussed models, these force fields are often developed by correlating experimental data. However, the potential to predict properties outside the correlated data is often better than with traditional models and hence molecular simulations can be used to extend existing experimental data [22] . Here, MC simulations were performed to obtain solubility data of NH 3 in 3 different ILs at higher temperatures than measured experimentally.
As shown in a previous publication by the authors [19] , the osmotic ensemble [23] can be applied to compute the uptake of gases in ILs. Thereby, the temperature, the pressure, the number of solvent molecules, and the fugacity of the solute are fixed, while the volume of the system, and the number of solute molecules can fluctuate. Here, the Continuous Fractional Component Monte Carlo method is applied to insert and delete solute molecules [24] . After the equilibration phase, the total amount of solute molecules in the system determines the gas uptake at the chosen conditions. The details of the conducted simulations can be found in the previous work by the authors [19] .
All force fields considered in this work were taken from literature. The force fields for the ILs were taken from the work of Tenney et al. [25] 3 , the TraPPE force field was used [28] . In the simulations, parts of the cations and NH 3 molecules are considered to be rigid while the alkyl part and the anions are flexible. A summary of the force field parameters is provided in the Supplementary Information. The Ewald summation technique with a relative precision of − 10 5 [20] is used to calculate electrostatic interactions. Lennard-Jones interactions are truncated and shifted at 12 Å without applying tail corrections. Polarization is not explicitly considered in the simulations. The simulations are conducted with the RASPA software package [29] .
Unfortunately, commonly used force fields do not predict the solubility of NH 3 in ILs accurately [19] . To overcome this limitation, the binary mixing rule of the Lennard-Jones energy parameters, ∊, between NH 3 and ILs in MC simulations, has been scaled to fit the experimental solubility for available conditions. The applied mixing rule is:
By adjusting ∊, the interaction strength between NH 3 and the ILs is changed. Different interaction strengths between the molecules were tested to find the one that predicts the best behavior in regard to the experimental data. (Fig. 2(b) ), the computed solubility without adjusting force field is also shown (dotted curves). It can be observed that the qualitative trend of the gas uptake of these simulations is similar, while the absolute values are significantly overestimated. After the scaling of the mixing rule, the simulation results agree well with the experimental data for all investigated ILs and for varying temperatures. 
Correlations of vapor-liquid equilibrium properties
The non-random two-liquid (NRTL) model has been shown as a suitable model to correlate and predict VLE of ILs-based working fluids [30] . The experimental vapor pressures of NH 3 /IL binary systems have been regressed to the NRTL model as explained by Wang and Infante Ferreira [16] . Subsequently, the operating concentrations of solutions can be determined. The form of the NRTL model can be found in Ref. [16] . Note that for the data points at temperatures above the critical point of NH 3 , an extrapolation of the vapor pressure equation is used for an easy processing of the data [13] . In particular, an extrapolation of the Antoine equation is applied. This processing will somehow influence the solid physical basis of the NRTL model. are from the work of Navarro et al. [34] . The data reported by Paulechka et al. [35] and Nieto de Castro et al. [36] N] , the data of specific heat capacities were reported by Paulechka et al. [37] and Ferreira et al. [38] for different temperature ranges. These data are plotted in Fig. 3 , as functions of temperature. Correlations of the data are listed in Table 1 .
Densities and heat capacities
Currently, densities and heat capacities of the studied NH 3 /IL mixtures have not been reported. Eq. (2) provides a general form of ideal solution properties, which is based on a weighted average of properties from both components. This form is used to estimate the densities and heat capacities for the investigated mixtures:
This simplification is verified with the density data of six NH 3 /IL mixtures reported by Cera-Manjarres [15] . The maximum relative deviation is 6.5%. Moreover, the simplification for the heat capacities has been verified with data of H 2 O/[mmim][DMP] from Dong et al. [39] . The relative deviation is smaller than 4% [16] . This treatment has also been checked by the authors for the H 2 O/[emim][DMP] solution, for predicting the solution enthalpy and cycle performance. No obvious difference has been observed in comparison to using the heat capacity of the real solutions [30] .
Enthalpies
The enthalpy of pure NH 3 is directly obtained from NIST's Refprop [40] .
For a saturated solution at T P , and with an NH 3 mass fraction of w NH3 , the total enthalpy of the solution, h sat sol , is provided by, 
where the enthalpies of NH 3 are chosen at their saturated liquid states for the cases below the critical temperature. For the cases at temperature above the critical point of NH 3 , an additional effect of ideal gas enthalpy is added to the enthalpy at the critical point, following the work of Chen et al. [13] : 
For the ILs, enthalpies are calculated based on their pure heat capacities c p IL ,
The experimental mixing enthalpy h Δ mix used in Eq. (3) has not been reported for the studied NH 3 /IL working fluids. For an alternative NH 3 / IL working fluid, the authors have quantified this term using various thermodynamic models [30] . The calculation has shown that the exothermic effect of mixing NH 3 /IL is less than that of mixing H 2 O/IL. Furthermore, it has been shown that neglecting h Δ mix does not significantly change the total enthalpy and the COP in an SE-VAR cycle with NH 3 /IL pairs [30] . Therefore, in the following calculations, the effect of the mixing enthalpy is neglected.
For solutions at a subcooled condition T P , and w NH3 , enthalpies can be obtained by subtracting the subcooled part from corresponding saturated solution,
Configurations of cycles and modeling methods
The configuration and modeling method of the studied DE-VAR cycle are presented. Besides, an alternative choice, the generator-absorber heat exchange (GAX) cycle with NH 3 /H 2 O, is introduced for a sake of comparison, since it is promising with high temperature heat sources [8] .
3.1. Double-effect absorption refrigeration cycle Fig. 4 depicts a schematic representation of a double-effect absorption system in parallel configuration. The main feature of the parallel DE-VAR cycle is that the strong solution (strong in refrigerant NH 3 ), pumped from the absorber (ABS), is divided into two parallel streams after being heated in the solution heat exchanger (SHX1).
Two sub-streams are heated in two generators (GENs) to generate refrigerant vapor: One of the sub-streams is heated in the high pressure generator (HG) by the external heat source at a high temperature. Superheated refrigerant vapor is generated there and then continues to the high pressure condenser (HC). The other sub-stream is heated in the low pressure generator (LG) to generate the other refrigerant vapor. The heat is from the condensation of the superheated refrigerant vapor in the HC. The HC and LG are coupled in an intermediate heat exchanger (iHX). Key state points of the solutions are illustrated qualitatively in both ln P-(-1/T) and h-w diagrams in Fig. 5 . The cycle 5-8-9-11a-11-13-5 shows the sub-stream passing the HG and cycle 5-7c-11b-11-13-5 represents the other sub-stream passing the LG.
The mass flows of the two sub-streams of the solution can be quantified with the distribution ratio (DR), which is defined as the mass flow ratio between the sub-stream of the solution passing the HG and the total mass flow:
Modeling method of the cycle
To create an integrated model for the thermodynamic analysis of the DE-VAR system, several assumptions are made to simplify the calculations:
• The system operates in a steady state.
• The operating pressures of the absorber and the evaporator are identical, and similarly, the pressure of each generator is equal to its directly linked condenser.
• In the outlets of the two condensers and evaporator, the refrigerant stream is in a saturated liquid or saturated vapor state, respectively. The solution is in equilibrium state while leaving two generators and the ABS.
• The pinch temperature of the SHXs is assumed as 10 K. The pinch temperature of the iHX is set to 5 K. The effectiveness of the HX1 is assumed to be 75%.
• Heat losses and pressure losses are neglected.
• Throttling is an isenthalpic process. Fig. 3 . Experimental data and the correlations of (a) densities [31] [32] [33] , and (b) heat capacities [34] [35] [36] [37] [38] of the three studied ILs. 
The power consumption of the solution pump, Wṗ, can be calculated by,
The calculation procedure for the cycle is illustrated in Fig. 6 . The temperature of state point 7, which is between two SHXs, is obtained iteratively to reach the energy balances of both the SHXs. The other iteration is required to determine the temperature of state point 15, which is based on the energy balance of the iHX. With the heat duties and the pump power consumption, the coefficient of performance, COP, of a cycle for cooling is defined as,
The circulation ratio, f, defined as the required mass flow of pump stream for generating a unit mass flow of refrigerant, is also taken into account in this study. f can be obtained via mass and species balances around the ABS as, 
This model was previously validated by Vasilescu and Infante Ferreira [41] for an air-conditioning application with an LiBr/H 2 O working pair.
3.3. Generator-absorber heat exchange cycle NH 3 /H 2 O GAX cycles have been claimed to be suitable for applications with higher temperature driving heat [8] . As shown in Fig. 7 , the promising thermal performance of this cycle is achieved by coupling the heat between partial sections of the GEN and the ABS.
A perfect operation of the GAX cycle relies on the accurate identifying of temperature profiles of sections in ABS and GEN where the heat can be coupled. This kind of heat coupling is difficult to achieve in practice. However, the GAX cycle represents "a compelling theoretical possibility" [8] . Therefore it is used as a benchmark to compare the DE-VAR cycle with.
The modeling of the GAX cycle is based on the method introduced by Herold et al. [8] . During the heat coupling, both the available heat in the ABS and the required heat in the GEN can be obtained through mass and energy balances, by assuming that solution and vapor streams in the ABS or GEN are in counter-current flow, and the solutions streams of the ABS and GEN are also in counter-current flow. The GAX heat really transferred is the minimum between the available and required heat of vapor generation. The rectifier is analyzed as an ideal device 
The integrated fishing vessel
A trawler vessel is taken into consideration for the following case studies.
The required cooling capacity in this vessel is provided by the refrigeration seawater (RSW) plant, chilled water plant (CWP), and freezing plant (FP). Currently, the plants are all configured with vapor compression refrigeration systems. The RSW and CWP apply NH 3 as a refrigerant, while FP is an NH 3 /CO 2 cascade system (NH 3 is used in the high temperature circuits). The technical characteristics are listed in Table 2 . It is investigated if the proposed IL-based DE-VAR system has the potential to replace the current plants entirely or partially.
Scavenge air, jacket water, and exhaust gas are among the main waste heat sources from the diesel engines as illustrated in Fig. 8 . The heat released via the exhaust gas takes up approximately 50% of total wasted heat [5] . In this study, the exhaust gas after the turbine is used.
The studied ship is equipped with a Wärtsilä diesel engine of type 12V38 for propulsion [42] . The properties of the exhaust gas after the turbine from this engine are shown in Fig. 9 , which are taken from the official project guide [42] . Note that the data for 40% load are based on extrapolations.
Operations of the engine can be classified into the five typical modes, which are listed in Table 3 . Corresponding exhaust gas properties are identified from Fig. 9 .
Results and discussion
Following the proposed multi-scale method, the result of the property level, cycle level, and integrated system level are discussed in this section.
Simulation of vapor-liquid equilibrium properties and their correlations
The experimental VLE data and the ones from Monte Carlo [8] . The main feature of the GAX cycle is that the final stages of its ABS have higher temperatures than the flow in the first stages of the GEN. The heat from the ABS can be recycled to heat up those stages in the GEN. The weak NH 3 /H 2 O solutions absorb NH 3 vapors from the EVA and experience an internal heat recycling in the ABS before they are pumped into the GEN. Vapors leaving the GEN are mixtures of NH 3 /H 2 O, which are purified in the rectifier (REC). The NH 3 vapors then experience the similar process as the DE-VAR cycle for generating cooling effects. 
simulations are plotted together in Fig. 10 for the three studied NH 3 /IL working fluids.
The fitted parameters of the NRTL model based on the shown data are listed in Table 4 . These parameters follow the same notations introduced in Ref. [16] .
Based on the NRTL model, predicted vapor pressures of the three studied fluids are shown in Fig. 11 . To show the influence of the additional data provided by the Monte Carlo simulations, the results are compared with and without the inclusion of the computed data. Vapor pressures shown in Fig. 11(a) , (c) and (e) are obtained by only fitting experimental VLE data at low temperatures and low pressures (interaction parameters can be found in Ref. [16] ). The vertical and horizontal dashed lines represent temperature and pressure boundaries, respectively, of EXP data. The other three diagrams are based on both the experimental VLE data and the computed ones. In each diagram of Fig. 11 , NH 3 fractions represented by the various curves cover the conditions applied in the DE-VAR cycle.
Vapor pressures fitted only with the VLE data at low temperatures and low pressures ( Fig. 11(a), (c) and (e)) show linear behavior inside the experimental temperature and pressure ranges. However, out of the range of the experimental data, the vapor pressures increase rapidly with an increase of temperature. This behavior fails to follow the physical basis indicated by the Clausius-Clapeyron equation (Eq. (12)): for which the vapor pressures are approximately linear, because the term − h R Z Δ /( Δ ) depends only slightly on temperature [43] .
The nonlinear shape of vapor pressures curves is pronounced at relatively low NH 3 mass fractions, which are crucial for the studied cycle. The influence of using exclusively the experimental based VLE properties on estimating the cycle performance will be discussed in detail in Section 5.3.2. By including the computed data (right-hand side), the trends of vapor pressures, especially for the cases with low NH 3 fractions at high temperatures, become more reasonable. This indicates that the simulation helps to improve the description of the behavior. The reasonable extension of the VLE data for NH 3 /IL mixtures, confirms the added value and need for MC simulations to extend the range of VLE properties of NH 3 /IL mixtures.
Diagrams of thermophysical properties
Based on the thermal property methods discussed in Section 2, the diagrams of the studied working fluids are generated for using them in thermal applications including VAR cycles. The corresponding diagrams are provided in the Appendix.
Cycle performance
With the thermo-physical properties, the performance of the DE-VAR cycle can be predicted. The influences of operation conditions and different sources of properties are investigated. The comparison of its performance with the GAX cycle is also presented.
The influence of varying operation conditions
Parametric studies are carried out to explore the performance of the DE-VAR for different operating conditions. The investigated parameters are the DR, the heat source temperature, the cooling temperature and the environmental temperature.
As shown in Fig. 12 , optimum performances for different conditions (heat source temperature, T hpg , of 160 and 220°C, respectively) of the three working fluids are always obtained when the DRs are close to 0.5. This indicates that two sub-streams which are comparable in flow are preferable, which would allow for simplifications in constructing pipelines and controlling valves in a real system. In the following calculations, the value of DR will be kept constant at 0.5. Fig. 12 also indicates that a higher temperature of the heat source, T hpg , contributes to a better performance for the studied conditions. Similar trends can be observed for the other cases in Fig. 13(a) and (b) for which the cooling temperature, T eva , is at a relatively low level or the heat sink temperature, T con and T abs , is at a relatively high level. However, when T eva is higher and T con or T abs is lower, an increase of T hpg can lead to constant trends of the COP. This is, for instance, the case in Fig. 13(a) , when T eva =°10 C, for the working pair NH 3 /[bmim][BF 4 ]. A decreasing trend can also be observed in Fig. 13(b) , when T eva =°0 C, for the same working pair. Fig. 13 (a) and (b) indicate that a lower temperature of the cooling demand leads to an inferior performance for all working pairs. Moreover, for the same operating condition, the NH 3 /[bmim][BF 4 ] pair performs better than the other two pairs.
The influence of the temperature of the seawater on the performance can be understood by comparing Fig. 13(a) and (b) . Fig. 13(a) applies for cases in which the seawater temperature is°32 C, corresponding to an application in tropical areas. The temperature of the working fluid side is 5 K higher than the cooling medium, the seawater Fig. 8 . Main waste heat sources of a two-stroke diesel engine: Scavenge air is used to cool down the compressed air before going to the engine. Jacket water is applied to maintain the temperature of the engine where the combustion of fuels takes place. Exhaust gas, a mix of air and fuel at high temperature, is released with 50% of the total waste heat. Fig. 9 . Exhaust gas flow and temperature (after the turbine) of the studied diesel engine 12V38 for different engine loads [42] . The solid curve denotes the flow rate of the exhaust gas and the dashed curve denotes its temperature after the turbine.
(T abs = T con =°37 C). Fig. 13(b) corresponds to an application in highlatitude areas, for instance, the North Sea adjoining the Netherlands, where the seawater temperature is on average°16 C (T con = T abs =°2 1 C).
The comparison of Fig. 13(a) 4 ] working fluid does not show very promising performance, either. Hence, the following analysis will only focus on high-latitude areas.
The DE-VAR cycle with NH 3 /IL pairs shows similar performances, in respect to the operating conditions, as the cycle with the traditional H 2 O/LiBr working pair [44] or other investigated working pairs, such as NH 3 /LiNO 3 [45] .
The influence of different vapor-liquid equilibrium properties on the cycle performance
To investigate the influence of excluding the simulated VLE data, the DE-VAR cycle with NH 3 
/[bmim][BF 4 ] in the condition of T T T T
/ / / hpg abs con eva = 240/37/37/-5°C is studied. Relevant parameters which can help to indicate the influences of different VLE sources on the cycle performance are listed in Table 5 .
The NH 3 mass fractions of state point 5 (solution outlet of the ABS), 11b (solution outlet of the LG) and 9 (solution outlet of the HG) are determined by the temperatures and pressures at saturated conditions. The NH 3 fractions estimated based on solely extrapolating EXP VLE data are lower than those based on VLE data including SIM data (only for point 5, they are almost identical). From point 5 to 11b and to 9, temperatures and pressures increase. The deviation of saturated NH 3 fractions from the one obtained including SIM data also show an increasing trend.
Two streams with an NH 3 mass fractions of w 9 and w 11b are mixed before state point 13. Consequently, state point 13 also shows a lower value of NH 3 fraction when obtained without using the simulation VLE data. Due to the underestimation of the change in NH 3 fraction between points 5 and 13, the circulation ratio, f, which is based on w 13 and w 5 (Eq. (11)), is lower than the one obtained using the SIM VLE. This indicates that the required pump flow is lower.
In terms of cycle performance, the specific heat duties and pump power are listed in Table 5 , as well. They are the corresponding heat and power loads for 1 kg/s refrigerant flow. The estimated demands of heat and pump power by using exclusively EXP VLE data is underestimated compared with the ones using SIM VLE data. This is consistent with the underestimation of the circulation ratio. As a result, the COP is remarkably overestimated. Fig. 14 shows how the COP of a GAX cycle changes with the temperature of the heat source, T gen , at the condition of T T T / / abs con eva = −°21/21/ 5 C. Due to the limitation of the thermophysical properties database [40] of the NH 3 /H 2 O mixture, the calculated performance of the GAX cycle can only be obtained for T gen below°170 C.
It can be seen in Fig. 14 that when T gen is below°116 C, there is no possibility for heat coupling. Thus, the GAX performs as a single-stage cycle, showing a decreasing trend with rising T gen . Above°116 C, the solid curve indicates the performance of the ideal GAX cycle, which is increasing as T gen rises. The GAX cycle is entitled "ideal" because the calculation of it is based on the perfect heat coupling between the ABS and GEN. Hence, the solid curve shows the upper limit of the GAX cycle. The dotted curve represents the results of the single-stage (or single-effect) NH 3 /H 2 O VAR cycle, which gives the lower limit of the GAX cycle if the heat is not perfectly coupled. A practical system is supposed to perform between these two limits. The dashed curve represents the average of these two limits, which is an expected estimation of the actual performance. Fig. 15 shows a comparison of abs con =°21 C, indicating applications at high-latitude areas. T eva is set to −5 and°0 C. The temperature of the driving heat is varied to investigate its influence. Fig. 11 . Comparison of the vapor pressure curves generated only using the experimental VLE data (EXP) and the ones together using the experimental and simulated VLE data (SIM) for the studied NH 3 Note that the performance of the GAX cycle is represented by the average value between the ideal GAX and normal SE-VAR performance. The data of T gen above°170 are based on extrapolation.
As shown in Fig. 15 , the GAX cycle is able to reach a high performance even when the driving temperature is relatively low. With the T gen increasing, the performance of this cycle is increasing less rapidly. The DE-VAR with NH 3 /[emim][SCN] pair shows a poor performance around°150 C for a −°5 C cooling application. After a sharp initial increase, COP values of the DE-VAR increase only slightly when T hpg is above°180 C. The COP value of the proposed cycle with NH 3 / [bmim] [BF 4 ] is approximately 10% higher than that of the averaged GAX cycle when they are driven by heat at 200°C. In the higher temperature range, these two cycles show a similar performance. Considering the proposed DE-VAR applying ILs, there is no special need for a control strategy of the internal heat coupling, and the utilization of the ILs prevents the need for rectification of the refrigerant flow.
System integration of the double-effect vapor absorption cycle with the exhaust gas
Direct heat exchange is assumed between the exhaust gas and the strong NH 3 /IL solution. DE-VAR cycles are designed for high temperature applications and a direct coupling could take full advantage of the high temperature exhaust gas. Thus, the waste heat recovery (WHR) exchanger, i.e. the flue gas cooler, also plays the role of a high pressure generator.
Recoverable heat and corresponding cooling capacities
For the exhaust gas stream associated with the WHR heat exchanger applied in typical modes, the inlet temperature, T ex i , and the flow rate, ṁe x , are listed in Table 3 . The outlet temperature, T ex o , cannot be cooled down below°167 C to prevent the risk of sulfur corrosion [4] . With these constraints, the driving heat of the DE-VAR system is the recovered heat from the exhaust gas, Qẇ hr , which is expressed as,
where the specific heat of the exhaust gas, c p ex , is taken as 1.08 kJ/(kg K) [46] . In the design phase, a pinch temperature of 10 K is assumed in this HX. T 8 cannot be below°157 C to prevent corrosion problems. The value of T 8 is also influenced by the operation of the cycle. Hence, the pumping flow, which is easy to adjust by changing the pump settings, is studied to explore its influence on the cooling capacity and on the heat recycling performance. Fig. 16 depicts a case in which the inlet exhaust gas stream is at°3 40 C and 15 kg/s (which corresponds to the majority of the operating cases: Mode 1 and 2 in Table 3 ), in high-latitude areas ( = =°T T 21 abs con C) and for a = −°T 5 eva C cooling application. In the proposed DE-VAR, a higher driving temperature leads to a higher T 8 . To maintain a fixed temperature difference of heat transfer, a higher T ex o is required. Accordingly, the exhaust gas has a smaller temperature range over which it can be cooled and a smaller waste heat can be recovered. While a higher driving temperature also results in a higher COP. These dependencies influence the cooling capacity Qė va (round symbols), and lead to an initial increase, and then to a constant value as a function of the pump flow.
However for the studied case, when the pump flow of the solution, ṁp, is higher than 54.4 kg/s, the exhaust gas cannot be cooled below°1 67 C as shown in Fig. 16 . Even though cooling and heat recovery performances are better in this range, the DE-VAR system cannot be operated due to the risk of sulfur corrosion. Therefore, the optimum performance is achieved at a pump flow of 54.4 kg/s. The corresponding cooling capacity is 3220 kW. Table 6 summarizes the operating parameters and optimum cooling performance when using the DE-VAR with the studied three working fluids for different engine loads.
The exhaust gas driven DE-VAR system with NH 3 /[bmim][BF 4 ] working pair is always larger than 1518 kW in the high-latitude environment, which has the largest cooling capacity among the three studied working pairs. And for an engine load of 90%, the cooling capacity is able to reach 3220 kW. It has the potential to substitute at least one of the RSW plants in the studied fishing vessel ( 4 ] working pair is also lower than the ones of the other two pairs.
State information
The state point information for the working fluid, NH 3 /[bmim] [BF 4 ] in the DE-VAR system, is listed in Table 7 , for the above studied case in a condition of T T T T / / / hpg abs con eva = 205/21/21/-5°C. Due to the pressure drop in the valve and heating in the SHXs, solutions at state points 7c and 8 may have NH 3 vapor generated [16] . A close investigation reveals that only small amounts of NH 3 vapor are generated before entering the generators. Results of NH 3 fractions and specific enthalpies of these two points in Table 7 are the data for bulk Fig. 16 . The influence of the designed pump flow, ṁp, on operating parameters of the exhaust gas driven DE-VAR system with NH 3 /[bmim] [BF 4 ]. The case is based on a 90% diesel engine load, in high-latitude areas for a −°5 C cooling temperature. Note that for pump flows above 54.4 kg/s, the exhaust gas might condensate and cause sulfur corrosion. 
where h sat sol and h V are the specific enthalpies for the saturated solution part and the vapor part, respectively. q is the quality, which is identified as,
The qualities and saturated NH 3 fractions of these two points are additionally listed in the footnote of Table 7 .
Feasibility consideration
The above studied IL-based working pairs show a promising technical performance in the DE-VAR at high-temperature applications. Before implementing the cycle, thermal stabilities of the investigated ILs and the potential economic benefits must be considered. 4 ] is promising for the application in high-latitude areas. An accurate estimation of the initial cost and the system size relies on a thorough understanding of the heat and mass transfer of the newlyproposed working fluids and further investigation is required. Nevertheless, the operational cost can be estimated based on the analysis in this study. Table 9 shows the two options of replacing RSW plants with the proposed exhaust gas driven DE-VAR system.
The first option is to replace one RSW plant. The exhaust gas for all 5 engine operating modes (Mode 1-5 shown in Table 3 ) is able to drive the proposed DE-VAR system to produce the equivalent cooling capacity of one RSW. For these operating time (7320 h per year), a saved primary energy can be obtained via the difference in power consumption of the proposed system and the existing compression one, which is 4.77 TJ/ year. If the CO 2 emission of diesel oil is taken as 778 g/kWh e (diesel) [52] , the CO 2 emission during fishing can be reduced by 1031 tons/year. Option 2 concerns replacing two RSW plants with one DE-VAR system, while this option is able to provide an equivalent cooling capacity of two RSW plants only when the engine operates at a 90% load. For this case, by operating it 5800 h/year, the saved energy is 7.33 TJ/year and the corresponding reduced CO 2 emission is 1633.5 tons/year.
Conclusions
A waste heat recovery cooling system is proposed which uses ammonia/ionic liquid mixtures as working fluids in a double-effect vapor absorption refrigeration (DE-VAR) system. A multi-scale analysis is carried out to study its performance in a fishing vessel. The analysis includes Monte Carlo simulation to predict vapor-liquid equilibria at high temperatures and pressures, thermodynamic modeling for cooling cycle analysis, and system evaluation when integrated with engine exhaust gas. Based on the work, the following conclusions could be drawn: [49] . * T onset is an extrapolated and reproducible temperature that denotes a point at which the weight loss begins. A graphic explanation can be found in literature, for instance, Navarro et al. [34] .
• Monte Carlo simulations are capable to extend the vapor-liquid equilibrium data of the working fluids. The inclusion of the computed solubilities improves the quality of the extension of the NRTL model to high temperature and pressure conditions in comparison to solely using experimental data obtained at low temperatures and pressures.
• The ranking of the coefficient of performance (COP) for the three studied ILs within NH 3 • DE-VAR cycles show approximately 10% higher performance than GAX cycles with NH 3 /H 2 O for applications with high temperature driving heat.
• Because of stability problems at high temperatures, [emim] [SCN] is not suitable for high-temperature applications of a double-effect vapor absorption refrigeration cycle.
• The proposed system with NH 3 /[bmim] [BF 4 ] can provide the cooling capacity of one refrigeration seawater (RSW) plant for all operating modes of the diesel engine, when driven by its exhaust gas (COP of 1.1, cooling capacity of 1518 kW). Thereby, 4.8 TJ of energy can be saved and 1030 tons of CO 2 emission can be avoided annually per fishing vessel. Alternatively, the proposed system can provide the cooling capacity of two RSW plants for most of the operating modes (cooling capacity of 3200 kW). Annually saved energy and reduced CO 2 emissions are 7.6 TJ and 1635 tons, respectively.
